ABSTRACT The ventilatory response to isocapnic progressive hypoxia and hyperoxic progressive hypercapnia in 24 diabetic patients were compared with those of sex and age matched normal control subjects. The heart rate response to hypoxia was also measured in both groups. In diabetic patients the ventilatory and heart rate responses to hypoxia were significantly lower than those in the control group (0-10 v 0-24 l/min/% fall/M2 and 05 1 v 1 27 beats/min/% fall respectively). The ventilatory response to hypercapnia was significantly higher (1 09 v 0-76 1/min/mm Hg/M2) in the diabetic patients. There was a significant correlation between the hypoxic ventilatory response and the heart rate response in diabetic patients (r = 0 56), but not in the control group (r = 0-28). In addition, both the ventilatory and the heart rate responses to hypoxia in diabetic patients had weak but significant correlations with the heart rate variation during deep breathing. It is concluded that the ventilatory and heart rate responses to hypoxia in diabetic patients are impaired, whereas the ventilatory response to hypercapnia is well preserved.
Introduction
Autonomic neuropathy is recognised as an important complication of diabetes, and has a considerable morbidity and a poor prognosis.' Unexplained cardiorespiratory arrest has been reported in patients with this complication, and defective respiratory or cardiovascular reflexes have been postulated as aetiological factors.23 Sleep apnoea has also been reported to be more frequent in diabetic patients with autonomic neuropathy than in those without autonomic neuropathy, suggesting disordered ventilatory control.4
Whether the ventilatory responses to hypoxia or hypercapnia are impaired in patients with autonomic neuropathy is still debated. '9 The substantial variability in the ventilatory response to hypoxia and hypercapnia among normal individuals may mask differences between patients and normal controls, particularly when small numbers are studied.
In the present study we selected a large random group of diabetic patients with various degrees of neuropathy, and compared their ventilatory responses to hypoxia and hypercapnia with those of sex and age matched healthy control subjects. We also measured the heart rate response to hypoxia. In the diabetic patients we examined the relation between the ventilatory and heart rate responses and the presence of symptoms or objective evidence of autonomic neuropathy as assessed by the heart rate variation during deep breathing.
Methods PATIENTS AND CONTROL SUBJECTS
Fourteen insulin dependent diabetic and 10 noninsulin dependent diabetic patients were included in the study. All patients were randomly selected from the weekly diabetic outpatient clinic or from patients who were in hospital for assessment and education. All were clinically stable and none had any evidence of cardiopulmonary disease at the time of the study. Twenty four healthy normal subjects with no history of diabetes mellitus or cardiopulmonary disease acted as control subjects. The controls were chosen so that their sex ratio and age distribution were similar to those of the patients. Anthropometric data on the patients and normal control subjects are shown in Nishimura, Miyamoto, Suzuki, Yamamoto, Tsuji, Kishi, Kawakami 
Results
There were no significant differences in spirometric or arterial blood gas measurements between the diabetic and the control subjects except for Paco2, which was about 4 mm Hg higher in the diabetic patients than in the control group (mean (SD) 41-0 (3 3) v 37-0 (3 9) mm Hg; p < 0.01). Pao2 was similar in the two groups (91.9 (10-6) v 90 5 (10 6) mm Hg).
The hypoxic ventilatory response was significantly lower in the diabetic patients (0 10 I/min/% fall/M2) than in the control group (0-24 I/min/% fall/m2; p < 0-01) ( BSA-body surface area; AVE/ASao2-slope factor for ventilatory response to hypoxia; S-slope factor for ventilatory response to hypercapnia; B-intercept of hypercapnic ventilatory response line with end tidal carbon dioxide tension; AHR/ASao2-slope factor for heart rate response to hypoxia. *p < 0-05, **p < 0-01 in the comparison with nonnal subjects. Table 4 Ventilatory and heart rate responses to hypoxia and heart rate variation during deep breathing in diabetic patients Ventilatory and heart rate responses to hypoxia and hypercapnia in patients with diabetes mellitus however, showed a significantly smaller heart rate response to hypoxia or heart rate variation during deep breathing (or both) than did patients without such complications (table 4) .
Discussion
The present study has clearly shown that the ventilatory and heart rate responses to hypoxia are impaired in diabetic patients, whereas the ventilatory response to hypercapnia is well preserved. The ventilatory and heart rate responses to hypoxia were correlated in the diabetic group only, and the responses also showed a weak but significant relation with heart rate variation during deep breathing. Impairment of the ventilatory response to hypoxia was not related to complications of diabetes, such as peripheral neuropathy or nephropathy, whereas the heart rate response to hypoxia and heart rate variation during deep breathing showed a significant relation.
Earlier studies5 and the observations of Page and Watkins2 suggested that autonomic neuropathy may lead to abnormal ventilatory responses to hypoxia.
But several subsequent studies78"5 have failed to find any impairment ofthe ventilatory response to hypoxia in diabetic patients with clinically evident autonomic neuropathy. There is also conflicting evidence68 on whether such patients have abnormally decreased responses to hypercapnia. It is well known that ventilatory responses to hypoxia and hypercapnia vary widely even among normal individuals and that 10-20% of such subjects are "low responders" to hypoxia.'316 Ventilatory responses are influenced by many physiological and environmental factors, such as age, sex, physical characteristics, metabolic rate, exercise, and residence at high altitude, and variation in these factors may explain in part at least why some studies have failed to detect an impaired ventilatory response to hypoxia in diabetic patients. In the present study we randomly selected a relatively large number of diabetic patients with various degrees of diabetic complications, and compared the ventilatory responses with those ofage and sex matched control subjects.
Soler and Eagleton,8 using similar methods, failed to find any appreciable abnormality in the ventilatory responses to hypoxia or hypercapnia in diabetic patients with autonomic neuropathy. The number of subjects in each diabetic group in their study was, however, relatively small, and age and sex ratios were not matched as strictly as in our study. In addition, the resting minute ventilation obtained in their study showed a wide scatter in each group, which may indicate poor reproducibility of their measurements. These factors may explain why, when the mean values were lower in the diabetic group than in the control subjects, the differences in ventilatory response to hypoxia were not significant.
The ventilatory response to hypoxia reflects the function of the afferent and efferent limbs of the reflex arc, including carotid body function and the activity of the respiratory centre. Hypoxia may also cause central depression of ventilation by two possible mechanisms, 17-19 central hypocapnia resulting from increased cerebral blood flow and metabolic depression of neuronal function. The latter includes a direct reduction in metabolic substrate during severe oxygen restriction and the release and accumulation of neurotransmitters with their net inhibitory effect on synaptic transmission of central respiratory neurones. The insensitivity to hypoxia shown in the present study could therefore be due to several factors. Respiratory muscle dysfunction and abnormal motor descending pathways are the least likely causes, because respiratory function in the diabetic patients was normal and their ventilatory response to hypercapnia was enhanced, indicating that their ability to increase ventilation was well preserved.
One possible explanation for the decreased ventilatory response to hypoxia is that medullary depression of ventilation by hypoxia is greater in diabetic patients than in control subjects. This is supported by the observation' that the control of cerebral blood flow is abnormal in diabetic patients, who show a lack of normal cerebral vasodilatation in response to an increase in arterial Pco2. Hypoxia is a potent stimulus to cerebral vasodilatation and, if this fails to occur, hypoxia may have a more severe metabolic effect on the brain and depress ventilation centrally. On the other hand, however, a lack of cerebral vasodilatation in response to hypoxia may reduce hypoxic ventilatory depression by reducing the washout of carbon dioxide from the brain and thus increasing brain tissue Pco2. Another explanation for the abnormally decreased ventilatory response to hypoxia is carotid body dysfunction or abnormal sensory input to respiratory neurones as a result of autonomic neuropathy. Our study showed a weak but significant relation between the ventilatory response to hypoxia and heart rate variation during deep breathing. The latter is reported to be a simple measure of autonomic nervous dysfunc- The heart rate response to hypoxia is more difficult to interpret. The effect of hypoxia on the cardiovascular system is mediated through the interaction of several opposing influences. The bradycardia resulting from carotid body chemoreceptor stimulation is opposed by cardioaccelerator reflexes from lung inflation receptors stimulated as a result of hyperventilation and from hypoxia of the central nervous system.2627 The increase in mean arterial blood pressure resulting from hypoxia may also stimulate the baroreflexes and thereby contribute to cardiac slowing. In addition, there is accumulating evidence2728 that the aortic chemoreceptors may cause tachycardia rather than bradycardia. As a result, hypoxia leads to an increase in heart rate in conscious man that is linearly related to arterial oxygen saturation.'4 Although the heart rate response appears to be closely related to the ventilatory response to hypoxia, neither two previous studies'429 nor the present study have found any significant correlation between the two responses in normal, healthy subjects. It is hard to determine from our study which particular lesion is responsible for the abnormal heart rate response to hypoxia in diabetic patients. Our results may reflect abnormal metabolic changes in the brain during hypoxia or another manifestation of autonomic neuropathy, as there was a significant correlation between the ventilatory and heart rate response to hypoxia in the diabetic group only.
Finally, the ventilatory response to hypercapnia in diabetic patients was increased in the present study. There was no convincing evidence that this was related to diabetic neuropathy, as no relation was found between the ventilatory response to hypercapnia and any index of diabetic neuropathy. Paco2 was higher in the diabetic patients than the control subjects but this does not explain the augmented hypercapnic response; the higher Paco2 in diabetic patients with normal pH should depress the ventilatory response to hypercapnia rather than enhance it. One hypothesis is that a lack of normal cerebral vasodilatation in response to hypercapnia'8 might induce severe brain tissue acidosis under hypercapnic challenge in diabetic patients, but this requires confirmation. The recent debate has been whether hypercapnic sensitivity is impaired in patients with diabetes.68 Our findings show that they have a well preserved ventilatory response to hypercapnia.
In conclusion, we have shown that the ventilatory and heart rate responses to hypoxia are impaired in diabetic patients. This may be a manifestation of autonomic neuropathy or may be due to abnormal metabolic changes in the brain during hypoxia. The ventilatory response to hypercapnia was not impaired.
